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SYNTHESIS OF STIMULI-RESPONSIVE HYBRID SOL-GEL FILMS FOR 
CONTROLLED RELEASE 
SUMMARY 
Inorganic sol-gel-derived materials had been investigated and commercialized a few 
decades ago and due to the profound understanding of the underlying chemical and 
technical processes are still present as important examples of large-scale 
applications of the sol-gel technology. The growing interest in sol-gel science is due 
to the straightforwardness in tailoring the porosity in these materials, particularly in 
achieving molecular recognition in different systems such as adsorption or 
absorption, stationary phases in liquid or gas chromatography and chemical sensing 
applications. The production of sol-gel materials provides numerous advantages 
over the other conventional synthetic schemes. One of the major advantages is that 
these systems allow the manufacturing at low temperatures, which enables us to 
generate functionalized matrices, where others lack this ability. These materials are 
synthesized from solutions that help us to generate thin films and bulk products of 
desired shape. In this process, the chemical compositions of the starting material 
controls porosity by carefully monitoring the reaction parameters. The thin sol-gel 
films can easily be immobilized on glass and other silicon substrates through 
covalent linkage, which is an additional feature of these materials. The end product 
material can be configured in different forms like powder or dispersion forms, thin 
films, fibers and monoliths, etc. One of the most exciting achievements of this 
technique is that a hybrid material of organic and inorganic substances can be 
synthesized.  To a certain extent, these hybrid materials combine the most important 
properties of their constituents, like high transparency, low processing temperatures, 
sufficient thermal stability and are easily accessible because of an unique availability 
of the respective precursors (commercially available metal alkoxides and organo 
(alkoxy)silanes as well as nanoparticles). 
The sol-gel process, as the name implies, involves transition from a liquid ‘sol’ 
(colloidal solution) into a ‘gel’ phase. Usually inorganic metal salts or metal organic 
compounds such as metal alkoxide are used as precursors. A colloidal suspension 
or a ‘sol’ is formed after a series of hydrolysis and condensation reaction of the 
precursors. Then the sol particles condense into a continuous liquid phase (gel). 
With further drying and heat treatment, the ‘gel’ is converted into dense ceramic or 
glass materials. Generally three reactions are used to describe the sol-gel process: 
hydrolysis, alcohol condensation and water condensation. Because water and 
alkoxides are immiscible, alcohol is commonly used as co-solvent. Many sol-gels 
that are used for biomedical purposes should be biocompatible and often 
biodegradable. This also makes them ideal candidates for a controlled drug release.  
Sol-gels have a porous network. Often we can control the porosity of sol-gels by 
controlling the density of cross-links or by changing the swell affinity of sol-gels in 
the environment. This porosity property of sol-gels helps the release of drugs from 
sol-gels. The release of drug from sol-gels can be controlled by controlling the 
diffusion coefficient of drugs through sol-gel matrix. We can also make a depot 
formulation of hydrogel-drug. The depot formulation can be made by trapping drugs 
into liposomes and incorporating liposomes in the hydrogel. Controlled release drug 
delivery system works on many different mechanisms to controlled release. 
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Since Tryptophan (Trp) is one of the 20 essential amino acids found in human body 
consists of proteins, it has been attracted great attention day by day. Body could not 
produce Trp but can only be consumed from diet. In other words, it is vital to the 
production of serotonin and melatonin. One of these two hormones serotonin helps 
to adjust moods, sound sleep, temper anxiety, and relieve depression. A lack of Trp 
contributes to coronary artery spasm and Hartnup disease. General symptoms of 
Trp deficiency as basically similar to serotonin deficiency and include: anxiety and 
panic, mood disorders, irritability, insomnia, aggressiveness. 
Ideal drug delivery system has to be inert, biocompatible, mechanically strong, 
comfortable for the patient, capable of achieving high drug loading, readily 
processable, safe from accidental release, simple to administer and remove, easy to 
fabricate and sterilize, free of leachable impurities. These criteria can be obtained by 
molecularly imprinted sol-gel materials.  
Sol-gel materials are the best candidate to design an artificial drug model for 
controlled drug release. Interest in stimuli-responsive polymers is steadily gaining 
increasing momentum especially in the fields of controlled and self-regulated drug 
delivery. Stimuli-responsive or smart polymers are macromolecules that display a 
significant physiochemical change in response to small changes in their 
environment such as temperature, pH, light, magnetic field, ionic factors, etc.  
In this study, we synthesized silanated poly(propylene glycol) (PPG) by coupling 3-
isocyanatopropyltriethoxysilane (ICPTS) with the hydroxyl end groups of PPG 
through urethane bonds. Hence, trimethoxysilane terminated poly(propylene glycol) 
(ICPTS-PPG) was prepared. The purified hydrophilic silicon-containing trifunctional 
monomer was identified using Attenuated Total Reflectance-Infrared (ATR-FTIR). 
The tryptophan imprinted hybrid sol-gel films were prepared by polymerization using 
the following components: tryptophan as a template ; PPG-ICPTS as a spacer ; 
APTES (aminopropyltrimethoxysilane) as a functional monomer interacting with Trp; 
MTMOS as a tri functional precursor or TMOS as a tetrafunctional precursor; 
dibutylamine as a catalyst. The hybrid sol-gel derived polymers were prepared in the 
presence of Trp molecule using PPG-ICPTS, APTES, methyltrimethoxysilane 
(MTMOS) and tetramethoxysilane (TMOS) and then, the mixture was allowed to 
hydrolyse. Four hybrid polysiloxane films which are indicated as Film-A, Film-B, 
Film-C, and Film-D were prepared by using PPG-ICPTS, with and without TMOS, 
APTES and MTMOS. Non-imprint sol-gel film prepared in the absence of tryptophan 
was prepared at the same conditions similar to imprinted films.  
Solvent uptake of hybrid polysiloxane films in ethanol-water mixtures with different 
composition were elucidated by obtaining data depending on time. By using solvent 
uptake data the swelling kinetic of hybrid sol-gels were evaluated. Solvent release of 
hybrid sol-gels in distilled water was investigated.   
Gelation time for the formation of hybrid polysiloxane network was obtained by 
monitoring the fluorescence spectra of pregel solution containing Trp and found to 
be completed within the almost 40 minutes. Swelling behaviour of the hybrid sol-gel 
films in ethanol–water mixtures of different compositions was studied and found to 
be increased by increasing the ethanol percentage up to 75%. The more increase in 
ethanol caused to decrease in swelling degree of hybrid sol-gel film. 
The comparison between the time-dependent swelling uptakes of the hybrid sol-gel 
films revealed that the gel with MTMOS adsorbed the most solvent mixture. Using 
the swelling kinetic data, the diffusional exponents (n) and diffusion constants (k) of 
each gels were calculated. For each of the hybrid gels, Trp release in ethanol-water 
mixtures was obtained by obtaining the emission intensity of Trp at 352 nm and 
using calibration curve obtained at same solvent mixture, Trp released by different 
hybrid sol-gel was monitored and calculated. Fractional release of Trp at initial of 
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time interval was found to be in the order of Film-B<Film-A<Film-D<Film-C, while 
Film-C showed the highest amount of Trp release at swelling equilibrium, followed 
by Film-B, Film-D and Film-A. 
Fluorescence spectra of Trp in different hybrid sol-gels in dry state were obtained by 
measuring the emission from the solid surface of hybrid sol-gel films. At the end of 
swelling experiment, the fluorescence emissions from the surface of films were also 
obtained. Then, all gels were collapsed in distilled water for 2 days, they were 
filtered and were put into a oven and dried for 2 days. The end of the drying of 
process, images of Trp imprinted gels and their dry weights were recorded. It was 
observed that an image of Film-A was light opaque-cream coloured. Film-B gel’s 
image was transparent. Film-C gel’s image was light opaque. Film-D gel had an 
opaque and shrunken image. In conclusion, modified hybrid sol-gel was developed 
for the controlled release of molecules depending on combination of solvent mixture. 
In order to find the effect of the modified group on loading and release of the 
tryptophan, which was tested as a model drug, various modified hybrid sol-gels were 
utilized. In addition, the effect of some factors such as pH, functionalized groups 
were investigated. 
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İLAÇ SALINIMI İÇİN UYARIYA DUYARLI İMPRİNT  
HİBRİT SOL-JEL FİLMLERİN SENTEZİ 
ÖZET 
Sol-jel prosesi, optik, elektronik, nanoteknoloji, tıp, biyoloji ve ayırma teknikleri gibi 
birçok disiplinlerde uygulama alanı bulan, gözenekli cam ve seramik benzeri 
malzemelerin üretimi için oda sıcaklığında uygulanan bir tekniktir. Sol-jel tekniği ile 
doğal hammaddelerden elde edilen cam ve seramik gibi refrakter (yüksek sıcaklığa 
dayanıklı) malzemeler binlerce yıldır günlük yaşantımızın büyük bir bölümünü 
kapsamaktadır. Üstelik bu teknik, çok ince veya küresel şekilli tozlar, ince film 
kaplamaları, seramik fiberler, mikro-gözenekli inorganik membranlar,  yekpare veya 
aşırı gözenekli aerojeller gibi birçok çeşitli yapıda malzemeler elde edilmesine 
olanak sağlar. Genel olarak sol-jel prosedürü, alkoksit gibi öncü moleküllerin 
(precursor) hidrolizi, polikondenzasyon reaksiyonları ve SiO2 ağ yapısının oluşumu 
şeklinde üç ana grupda toplanır.  
Sol-jel prosesinin, hâlâ günümüzde kullanılabilir olmasının başlıca sebepleri; düşük 
proses sıcaklığı, moleküler düzeyde kompozisyonların kontrolü, yüksek yüzey 
alanına sahip malzemeler elde etmek için gözeneklerinin kontrol edilebiliyor olması 
ve atomik boyutlara kadar ürün homojenliğinin elde edilebilirliğidir. Sol-jel teknolojisi, 
diğer prosesler ile kıyaslandığında; tasarlanan hibrit (organik ve inorganik içerikli) 
malzemelerin üretiminde daha kolaylık sağlamaktadır. Sol-jel hibrit malzeme 
sentezi, farklı oranda komponentlerin, nanometreden mikrometreye kadar geniş 
ölçekte elde edilmesine imkân tanır. Polimer içerisindeki inorganik moleküller yapıya 
termal kararlılık, aşınma ve hava şartlarına karşı dirençlilik, kimyasal olarak inertlik 
ve sertlik özelliklerini kazandırırlar. Diğer taraftan organik moleküller kolayca 
işlenebilirlik, iyi yapışma, esneklik ve tokluk özellikleri kazandırır ve sinerjik etki 
oluştururlar. Böylece hem organik hem de inorganik molekülün sahip olduğu 
özellikler birleştirilerek optik, elektronik, iyonik, mekanik, membranlar, koruyucu 
kaplamalar, kataliz, sensörler gibi pek çok geniş uygulama alanları yaratılır. 
İnorganik sol-jel türevli malzemeler, son 20-30 yıl içerisinde geniş kapsamlı olarak 
incelenmiş ve ticarileştirilmiştir. Sol-jel bilimine olan artan ilgi, bu malzemelerdeki 
gözeneklerin işlenebilirliği, kimyasal algılama uygulamalarında ve sıvı veya gaz 
kromatografisinde sabit fazlar, absorpsiyon veya adsorpsiyon gibi farklı sistemler 
içerisinde özellikle moleküler tanımlamayı başarmadaki kolaylıktan 
kaynaklanmaktadır. Sol-jel malzemelerin üretimi diğer geleneksel sentetik üretim 
yöntemlerine göre çok daha fazla avantaj sağlar. Bu sistemlerin önemli 
avantajlarından biri de; fonksiyonlandırılmış matriksler oluşturmak için düşük 
sıcaklıkta üretim olanağı sağlar. Bu materyaller, ince filmler ve istenilen şeklin bulk 
ürünlerini oluşturmaya yardımcı olan çözeltiden sentezlenir. Bu proseste, başlangıç 
malzemelerin kimyasal bileşenlerinin reaksiyon parametrelerinin değiştirilmesiyle 
gözenek yapısı kontrol edilebilir. İnce sol-jel filmler, bu malzemelerin ek özelliği olan 
kovalent bağlanma yoluyla cam ve diğer sübstratlar üzerine kolayca immobilize 
edilebilirler. Nihai ürünler, toz veya dispersiyon formları, ince filmler, elyaflar ve 
monolitler gibi farklı formlarda yapılandırılabilir. Bu tekniğin önemli avantajlarından 
biri de organik ve inorganik maddelerin bir hibrit malzemesi olarak 
sentezlenebilmesidir. Bu hibrit malzemeler, yüksek şeffaflık, düşük işlem sıcaklıkları, 
yeterli termal kararlılık  gibi bileşenlerinin en önemli özelliklerini kombine eder ve  
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ilgili prekürsörler (ticari olarak temin edilebilen metal alkoksitler ve organik alkoksi 
silanlar) kolayca temin edilebilir. 
Sol-jel yöntemi adından da anlaşılacağı üzere bir sıvı ‘sol’ (kolloidal çözelti) den bir 
jel fazına geçişi içerir. Genelde inorganik metal tuzları ya da metal alkoksit gibi metal 
organik bileşikler, başlangıç malzemeleri olarak kullanılır. Bir kolloidal süspansiyon 
veya bir ‘sol’, bir dizi prekürsörlerin hidroliz ve kondenzasyon reaksiyonu sonrası 
oluşur. Sonra sol partikülleri, sürekli bir sıvı faz (jel) içerisinde kondense olur. Daha 
fazla kurutma ve ısıl işlem ile jel, yoğunlaşmış seramik ve cam malzemelere 
dönüşür. Genellikle, sol jel prosesini tarif etmek için üç reaksiyon kullanılır: hidroliz, 
alkol kondenzasyonu ve su kondenzasyonu. Alkol ise genelde ortak çözücü olarak 
kullanılır. Çünkü su ve alkoksitler birbirine karışmaz. Biyomedikal amaçlı kullanılan 
birçok sol-jel, biyouyumlu ve çoğu zaman biyobozunur olmalıdır. Bu da onları 
kontrollü ilaç salınımı için ideal bir aday yapar. 
Sol-jeller gözenekli bir ağ yapısına sahiptirler. Genelde, sol-jellerin gözenek yapısı, 
ortamda bulunan sol jellerin şişme yatkınlıklarını değiştirerek veya çapraz bağların 
yoğunluğunu kontrol ederek ayarlayabiliriz. Sol-jellerin gözenek yapısının bu özelliği, 
ilaç salınımına yardımcı olur. Sol-jellerden ilaç salınımı, sol-jel matriksi boyunca 
ilaçların difüzyon katsayısının kontrol edilmesi ile ayarlanabilir. Bu sayede ilaç 
salınımı için matriks içerisinde spesifik fonksiyonel monomerler tarafından 
yakalanabilen bir hibrit sol-jelin formülasyonu oluşturulabilir.  
Triptofan, insan vücudunda bulunan proteinleri oluşan 20 temel amino asitten biri 
olduğundan günden güne triptofana olan ilgi artmaktadır. Vücut triptofanı üretemez 
ama sadece diyetle tüketir. Diğer bir deyişle, serotonin ve melatonin üretimi için 
hayati önem taşımaktadır. Bu iki hormondan biri olan serotonin, ruhsal dengeyi, 
derin uyku, kızgınlık, endişe ve depresyonu ayarlamaya yardımcı olurken, triptofanın 
eksikliği koroner arter spazmı ve Hartnup hastalığına yol açar. Ayrıca triptofan 
eksikliğinin genel semptomları; endişe ve panik, ruhsal bozukluklar, sinirlilik, 
uykusuzluk ve saldırganlıktır. 
Sol-jel biliminin en önemli konularından biri de moleküler imprint hibrit sol-jellerdir. 
Moleküler imprint hibrit sol-jel, seçici hedef molekül belleği olan polimer matriks 
içinde spesifik bölgeler oluşturan bir tekniktir. Diğer geleneksel sol-jel yöntemleri ile 
karşılaştırıldığında, moleküler impirint hibrit sol-jel yönteminin en önemli özelliği 
düşük sıcaklıklarda istenilen malzemelerin tasarımını sağlamasıdır. Üstelik, bu 
yöntemle, yüksek bağlanma kapasitesi, kimyasal ve fiziksel koşullara karşı yüksek 
direnç, yeniden kullanılabilirlik, kolay sentez ve düşük maliyet gibi bazı özellikleri 
elde etmemizi sağlar. Moleküler imprint polimerler biyokimyasal sensörler ve 
kontrollü ilaç salınımı sistemleri gibi birçok alanda yaygın olarak kullanılmaktadır. 
Bunlar genellikle biyolojide HPLC (yüksek basınç sıvı kromatoğrafisi) için sabit bir 
faz olarak kullanılır.  
İdeal ilaç iletim sistemi, inert, biyouyumlu, mekaniksel olarak güçlü ve hasta için 
rahat olması, yüksek yükleme kapasitesine, kolayca işlenebilinebilir, kontrol dışı 
salınımlara karşı güvenli ve ayrıca üretilmesi ve sterilize edilmesi ve istenmeyen 
safsızlıklardan ayrılmasının kolay olması gerekmektedir. Bu kriterler sadece 
moleküler imprint sol-jeller malzemeleri ile elde edilebilir.  
Sol-jel malzemeler, kontrollü ilaç salınımı için yapay ilaç modeli tasarlanmasında en 
iyi adaydır. Akıllı polimerlere ilgi özellikle kontrollü ve kendi kendini düzenleyen ilaç 
iletimi alanlarında giderek artan bir ivme kazanmaktadır. Uyaranlara duyarlı akıllı 
polimerler, örneğin sıcaklık, pH, ışık, manyetik alan, iyonik faktörler, vb olarak 
çevredeki küçük değişikliklere fizikokimyasal olarak yanıt veren makromoleküllerdir. 
Bu çalışmada, polipropilen glikol (PPG) hidroksil uç grupları ile 3-izosiyanat 
propiltrimetoksisilan bağlanması sonucunda silanlanmış PPG sentezlendi ve 
polipropilen glikol sonlandırılmış trimetoksi silan (ICPTS-PPG) elde edildi. Elde 
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edilen moleküller ve sol-jel film yapıları ATR-FTIR spektroskobisi kullanılarak 
karakterize edildi. Triptofan imprint hibrit sol-jel filmler aşağıdaki bileşenler 
kullanılarak hazırlandı: şablon ya da hedef molekül olarak triptofan; ağ yapısını 
oluşturucu olarak PPG-ICPTS; triptofan ile etkileşimde bulunan mono foksiyonel 
monomer olan APTES (aminopropiltrimetoksisilan); tri fonksiyonel prekürsor, 
MTMOS veya tetra fonksiyonel prekürsor olarak TMOS; katalizör olarak ise 
Dibutilamin kullanıldı. PPG-ICPTS, APTES'le, metiltrimetoksilanın (MTMOS) ve 
tetrametoksisilan (TMOS) kullanarak, triptofan (Trp) molekül varlığında hibrit sol-jel 
türevli pre-polimerler hazırlandı ve sonra karışım, hidroliz edildi. Film-A, Film-B, 
Film-C ve Film-D olarak gösterilen dört hibrit polisiloksan filmler, TMOS veya 
MTMOS varlığında, APTES ve PPG-ICPTS kullanılarak hazırlandı. Triptofan 
yokluğunda hazırlanmış non-imprint sol-jel film, imprint filmlere benzer koşullar 
altında hazırlandı.  
Hibrit polisiloksan filmlerin, farklı kompozisyonlardaki etanol-su karışımı içerisinde 
solvent alımı zamana bağlı olarak elde edilen datalar tarafından açığa çıkarıldı. 
Solvent alımı dataları kullanılarak hibrit sol-jellerin şişme kinetikleri incelendi ve 
distile su içerisinde hibrit sol-jellerin solvent salınımları belirlendi.  
Hibrit polisiloksan ağın oluşumu için jelleşme süresi, jelleşme öncesi Trp içeren 
çözeltinin floresans spektrumları izlenerek elde edildi ve dönüşümün yaklaşık 40 
dakika içerisinde tamamlandığı tespit edildi. Farklı bileşimlerdeki etanol-su 
karışımları içindeki hibrit sol-jel filmlerin şişme davranışı incelendiğinde; etanol 
yüzdesinin %75’e kadar artmasıyla, jellerin şişme derecesinin arttığı tespit edildi. 
Etanol miktarı daha fazla arttırılınca, hibrit sol-jel filmlerin şişme derecelerinin 
azaldığı gözlendi.  
Hibrit sol-jel filmlerin zamana bağlı şişmesi ve solvent alımı davranışı 
karşılaştırıldığında, MTMOS içeren jelin en fazla solvent alımı özelliği sergilediği  
ortaya çıkarıldı. Şişme kinetiği dataları kullanılarak difüzyonal üsler (n) ve her bir  
jelin difüzyon sabitleri (k) hesaplandı. Hibrit jellerin her biri için etanol-su karışımı 
içerisindeki Trp salınımı, 352 nm’deki triptofanın emisyon şiddetinden ve aynı 
solvent karışımında farklı hibrit sol-jeller tarafından triptofan salınımıyla elde edilen 
kalibrasyon eğrilerinin incelenmesiyle hesaplandı. Başlangıç zaman aralığında 
jellerin fraksiyonel Trp salınımının Film-B<Film-A<Film-D<Film-C sırasına göre 
olduğu bulundu. Şişme dengesindeki Film-C maksimum triptofan salınım miktarı 
sergilerken, sıralamanın Film-B>Film-D>Film-A şeklinde olduğu görüldü.  
Kuru halde bulunan farklı hibrit sol-jellerdeki Trp floresans spektrumları, hibrit sol-jel 
filmlerinin katı yüzeyinden emisyonun ölçülmesiyle elde edildi. Şişme deneyi 
sonunda, filmlerin yüzeyinden floresans emisyonu da elde edildi.  Sonra tüm jeller, 2 
gün süresince 10 mL saf su içerisinde büzüştürüldü ve filtreden geçilerek, etüve 
konuldu ve 2 gün boyunca kurutuldu. Kurutma prosesi sonunda, imprint jellerin 
görüntüleri ve kuru ağırlıkları kaydedildi. Film-A; hafif opak-krem renkli bir görünüm 
sergilerken, Film-B’nin şeffaf bir görünümde, Film-C’nin hafif opak ve Film-D ise 
opak ve büzüşmüş bir görünüme sahip olduğu gözlenildi. Sonuç olarak, solvent 
karışımına bağlı moleküllerin kontrollü salınımı için modifiye hibrit sol-jeller 
geliştirildi. Triptofanın vücudun dengesini ayarlamada yardımcı olan iki önemli 
hormonun (serotonin ve melatonin) salgılanmasında önemli görev yaptığı için bir 
model ilaç olarak test edildi. İlaç salınımı ve yüklenmesinde modifiye grubun etkisini 
açığa çıkarmak için farklı hibrit sol-jeller kullanıldı. Ayrıca pH, fonksiyonel gruplar 
gibi faktörlerin etkisi incelendi.  
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1. INTRODUCTION 
1.1 Sol-Gel Process 
The sol-gel process is a room temperature technique for synthesizing porous glass-
like materials and ceramics that has found applications across many disciplines, 
such as, optics, electronics, optics, electronics, nanotechnology, medicine, biology, 
chemistry, materials, and separation sciences. Furthermore, the production pro-
cesses of inorganic refractory materials such as ceramic and glassy materials, 
which include high-temperature solid state reactions, requires well developed tech-
nologies that have been used for thousands of years based on natural raw materials 
[1,2]. This synthesis technique involves the transition of a system from a colloidal 
liquid, named sol, into a solid gel phase. The sol-gel technology allows to prepare 
ceramic or glass materials in a wide variety of forms: ultra-fine or spherical shaped 
powders, thin film coatings, ceramic fibres, microporous inorganic membranes, 
monolithics, or extremely porous aerogels. The schematic representation of the sol-
gel process is illustrated in Fig. 1.1 [3]. 
 
Figure 1.1 : The representation of sol-gel process. 
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Generally, the sol-gel process is divided into main three steps; the first step is the 
hydrolysis and poly condensation reactions of alkoxide precursor followed by hyper-
critical drying, the second is gelation of colloidal particles, while the third step is simi-
lar to the second one: the only difference is in the drying process, which takes place 
at ambient temperatures. The reaction steps of the sol-gel process is illustrated in 
Section 1.1.1.  
1.1.1 The steps of sol-gel reaction 
The sol-gel reaction is said to have occurred when a metal alkoxide reacts with 
water to form a metal hydroxide which condenses into a metal-oxygen-metal 
sequence, with the liberation of water and alcohol. The metal may be aluminum, tin, 
cesium, the transition elements titanium, zirconium, the metalloid silicon, etc.  Silicon 
alkoxides have a more controlled and lower reactivity than the other metal alkoxides 
and hence the majority of the understanding of the sol-gel reaction is derived from 
materials created from silicon based alkoxides. These alkoxides show useful 
properties to control the chemical synthesis of oxides such as easy to purify, wide 
variety, possible control and mixed alkoxides. Sol-gel chemistry involves three 
reaction steps [4,5].  
1.1.1.1 Hydrolysis 
The first step, named the hydrolysis (sol formation) step, the reaction is illustrated in 
Fig. 1.2 below for a generalized silane as the metal alkoxide: 
 
Figure 1.2 : The scheme of hydrolysis reaction. 
The R group represents an alkyl chain such as methyl, ethyl, isopropyl, tert-butyl, 
etc. and the nature of this group plays a role in the rate of the hydrolysis reaction 
(i.e. inductive and steric factors). In general, the smaller such groups are, the faster 
the reaction so that tetramethoxysilane, (TMOS, where R=methyl), undergoes 
hydrolysis faster than tetraethoxysilane, (TEOS, R=ethyl), other conditions being the 
same. The R group is also important to the shrinkage during curing as losing more 
volume (with larger ROH molecules) causes greater shrinkage. The mechanism of 
reaction (Fig. 1.2) proceeds in three stages. First, the metal atom of the metal 
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alkoxide (in this case the metalloid silicon) undergoes nucleophilic attack by the 
oxygen atom in a water molecule. While the silicon atom is in this penta-coordinated 
state, a proton is transferred from the water molecule to an OR group on the same 
silicon atom. Finally, the ROH molecule is released from the silicon atom [6].  
1.1.1.2. Gelation 
The second step in the sol-gel process is the polycondensation (gelation) step which 
can take place by either of the two sub-reactions in Fig. 1.3: 
 
Figure 1.3 : The scheme of gelation reaction. 
The existence of the second sub-reaction implies that the hydrolysis step shown in 
Fig. 1.2 need not be complete for polycondensation to begin. Both sub-reactions in 
Fig. 1.3 lead to the same Si-O-Si bridge. The reactant silanes in reaction(s) (Fig. 
1.3) have three other reactive sites that are not shown which may participate in 
network development. All three reactions in Fig. 1.2 and Fig. 1.3 are reversible. 
Although not universally accepted, many scientists believe that two moles of water 
are required for every one mole of tetrafunctional alkoxide in the sol-gel reaction. 
This was alluded to before upon pointing out that the hydrolysis step need not be 
complete for condensation to begin. If this is the case, a net loss of four moles of 
alcohol would occur upon complete conversion of one mole of tetrafunctional silicon 
alkoxide to the amorphous silicon dioxide network. 
1.1.1.3. SiO2 network formation 
The last step in the sol-gel process is the SiO2 network formation step (Fig. 1.4). 
when the reaction is in progress, the viscosity of matrix increases gradually 
depending upon degree of cross-linking and ultimately turns into an interconnected 
homogenous and rigid material which is after aging, is dried at room temperature to 
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obtain final product (SiO2). 
 
Figure 1.4 : The scheme of SiO2 network formation. 
1.1.2 Factors affecting on sol gel process 
1.1.2.1 Influence of catalysts 
Gelation time can be on the order of months therefore, catalysts are used to facili-
tate polymerization. Brønsted acids and bases are used to catalyze both the hydrol-
ysis and condensation steps through nucleophilic substitution. Acids and bases 
have different reaction mechanisms to catalyze hydrolysis and condensation. In the 
acid-catalyzed reaction, the first step is the protonation of an alkoxyl group. Silicon 
donates electron density to the protonated alkoxyl group and in the process be-
comes more electrophilic and thus open to attack from water. This reaction follows 
an SN2 mechanism. 
 
Figure 1.5 : Acid catalyzed SN2-Si hydrolysis showing transition state. 
A water molecule attacks the silicon from the opposite side as that of the protonated 
alkoxyl group and acquires a positive charge. The magnitude of the charge on the 
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protonated alkoxyl group is correspondingly reduced with the ultimate effect of 
making the alcohol group labile. As the alcohol leaves, the silicon undergoes 
inversion of configuration, and the water group loses a proton taking the positive 
charge with it, as been shown by Sommer and coworkers, Fig. 1.5. 
Studies have shown that by reducing steric crowding around the silicon atom, an 
increase in the hydrolysis rate is observed. This type of mechanism favors the con-
densation reaction occurring between small clusters at terminal silicons, which form 
relatively long polymer chains with little branching. This process has been referred 
to as the reaction-limited cluster aggregation (RLCA) [7]. 
The first step, under basic conditions, is an attack on the silicon by a hydroxide ion. 
Pohl and Osterholtz propose a SN2**-Si and SN2*-Si mechanism as described in Fig. 
1.6. However, in this case a stable pentacoordinate intermediate is proposed, and a 
SN2**-Si and SN2*-Si represent the rate -determining formation or decay of two in-
termediates, Inter.1 and Inter.2 respectively, as shown in Fig. 1.6. 
 
Figure 1.6 : Base-catalyzed SN2**-Si ve SN2*-Si hydrolysis. 
The hydrolysis rate is sensitive to inductive and steric effects due to the formal 
negative charge on the silicon imparted to it from the electron withdrawing group of 
the hydroxide ion in the transition state between Inter. 1 and Inter. 2. Meaning that 
once the silicon has achieved a formal negative charge steric affects determine 
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which group will leave. In Fig. 1.6 the OR group is larger than the hydroxide group 
and will leave first taking the negative charge with it. Note that inversion of configu-
ration is not required in this proposed mechanism. This affects the condensation 
step by moving the reaction site to a silicon located towards the middle of a cluster 
rather than at the terminal site as is the case under acidic conditions. Steric interfer-
ence prohibits clusters from undergoing condensation with each other. 
The formation of polymer chains from monomers is referred to as reaction limited 
monomer-cluster (RLMC) growth or Eden growth [8]. Through an examination of the 
two types of reaction mechanisms, it is apparent that the rate limiting step is differ-
ent for the acid and the base catalyzed reactions. This affects cluster growth, and it 
is known that the overall final network produced is governed by the relative rates of 
hydrolysis and condensation.  
Catalyst effects on sol-gel formation are shown as simplified chart in Fig. 1.7. 
 
Figure 1.7 : The hydrolysis and condensation behaviours are largely influenced by 
the solution pH, resulting in “polymeric” gels and “colloidal” gels in acid-
ic and basic conditions, respectively. 
In this instance, tetraalkoxysilane [Si(OR)4] undergoes hydrolysis and condensation 
in acid- or base-catalyzed conditions. Depending on the pH conditions, “colloidal 
gel” or “polymeric gel” will be obtained as a result of different reaction mechanisms. 
Aerogels are generally obtained from supercritical drying (SCD) of low-density wet 
gels to prevent shrinkage and collapse of pores, and colloidal gels are usually favor-
able to obtain low-density aerogels.  
SCD RLCA 
RLMC 
High-density aerogel 
Low-density aerogel Colloidal gel 
Si(OR)4 
Alcohol 
Water 
Catalyst 
 
Sol 
 
Base 
Acid 
 
 Sol 
SCD 
 
Polymeric gel 
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1.1.2.2 Influence of water 
Since water is a reactant in the sol-gel process, its presence plays a role in the 
reaction kinetics and final structure of the material. In as early as 1951 it had been 
observed that the hydrolysis reaction rate was first order with respect to the water 
concentration under acid catalysis and independent of water concentration under 
basic catalysis. As for the effects on gel structure, adding insufficient amounts of 
water tends to promote a linear structure. Increasing the amount of water in the 
reaction tends to densify the structure as evidenced by an increase in the fractal 
dimension which was observed by Nogami and Nagasaki. 
1.1.2.3 Influence of solvent 
By varying the solvent in the sol-gel reaction, one varies the types of interactions 
present. These results in changing the overall reaction rate, and in a very general 
sense, the effect of solvent on rate can be ranked by the following: Promoting 
fastest rates; non–polar, aprotic solvents (i.e. dioxane), Promoting intermediate 
rates; polar, aprotic solvents (i.e. DMF, acetonitrile), Promoting slowest rates; polar, 
protic solvents (i.e. methanol, formamide). 
Polar, protic solvents with strong dipole moments tend to deactivate the reactants by 
stabilizing their charges and solvating the metal alkoxide, hence slowing down the 
reaction rate. Also hydrogen bonding may take place between a polar solvent 
(i.e.formamide) and the silicon species thereby slowing the reaction by way of steric 
hindrance. These effects lessen as the opposite extreme is reached, non–polar, 
aprotic solvents, where essentially only dilution of reactants is achieved. 
1.1.3 Advantages and disadvantages of the sol-gel process 
The sol-gel process appears attractive because it offers in principle several obvious 
advantages and has some disadvantages in Fig. 1.8: Lower processing 
temperature, High homogeneity and purity of resulting materials, Possibility of 
various forming processes. 
In the case of glasses the process is essentially attractive for the production of those 
compositions which require high melting temperatures. As the sintering operation 
has to be carried out at temperatures much lower than those required for the melting 
of glass-forming components, practically in the vicinity of the glass transition 
temperature, the gain may be quite substantial.  
Another important characteristic of the process is that final homogeneity is directly 
obtained in solution on a molecular scale. In the sol-gel route the wet gel may in 
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principle be prepared in stoichiometric conditions and with a degree of purity which 
depends only on the starting ingredients. 
 
Figure 1.8 : Comparative chart of advantages and disadvantages of the sol-gel 
process. 
The composition of the final glass will mainly depend on the sintering process which 
is performed at lower temperatures and thus reduces the risks of contamination and 
loss of more volatile components. This can be compared to the difficulties of 
preparing homogeneous glasses in the classic way, particularly when the 
components differ greatly in volatility and where the resulting melts possess a high 
viscosity which hinders efficient mixing of the constituents. In some cases it is then 
necessary to remelt the original batch several times to reach the required 
compositional uniformity. This in turn increases the likelihood of contamination from 
crucible walls, particularly at high temperatures or during repeated crushing 
procedures.  
The great majority of studies concerned pure Site gels and here the results obtained 
are indeed excellent. When, however, multicomponent gels are considered, the 
situation is less favorable. The difference in the speed of hydrolysis of various 
alkoxide precursors may introduce microheterogeneity. For glasses where several 
glass-formers are present, mixed bond formation may be absent or delayed until the 
sintering stage. When silica is introduced in the form of alkoxides or colloids and the 
Disadvantages Advantages 
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other compounds as inorganic salts (e.g., nitrates, acetates) the final reactions occur 
only after the thermal decomposition of the salts. Compositional variations 
sometimes occur during the drying and sintering stages, especially during 
hypercritical evacuation of the solvent. 
Originally used for thin film deposition and the production of powders, the sol-gel 
process was shown to be also applicable to the production of fibres and even of bulk 
glass objects although at the cost of increased processing complexity. The lower 
elaboration temperature in the sol-gel route from which energy saving might be 
expected is, however, largely offset by the high cost of the initial ingredients 
necessary for making the gel. Organometallic precursors are not always available at 
present for the more exotic cations that might be required in some cases, and the 
initial formulation of the solution leading to a proper gel (without flocculation) can be 
a difficult task indeed. The subsequent treatment of the gel, the drying-curing and 
sintering stages, are also, in practice, more complicated and time-consuming than 
direct melting and fining in classical glass-practice. They are, furthermore, specific to 
a given composition and the process has to be tailored for each new glass which 
requires a complete preliminary study in each case. For fibre spinning, for example, 
it is necessary to maintain constant the viscosity of the solution in spite of its natural 
tendency to increase rapidly in the vicinity of the gelling point. 
1.2 Hybrid Sol-Gels 
Nowadays, the main reason of using sol-gel process is that it has many advantages 
among the other processes, the low temperature, the ability to control the 
composition on molecular scale and the porosity to obtain high surface area 
materials, the homogenity of the final product up to atomic scale. Moreover, it is 
based on many features such as, possible to synthesize complex composition 
(hybrid) materials and to provide coatings over complex geometries. 
The factor which causes the formation of hybrid in sol-gel process is that among 
other soft chemistry processes, sol-gel chemistry offers a versatile access to 
chemically designed new hybrid organic-inorganic materials and the mild 
characteristics offered by the hydrolysis condensation reactions of metal alkoxide 
precursors allow the introduction of organic molecules or even biomolecules inside 
an inorganic network. These different components can be mixed at length scales 
ranging from the nanometer to the micrometer in virtually any ratio leading to the so-
called hybrid organic-inorganic materials [9]. Using both organic and inorganic 
molecules in the polymer structure, it causes to combine the advantages of the 
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inorganic material (e.g., heat resistance, retention of mechanical properties at high 
temperature, and low thermal expansion) and the organic polymer (e.g., flexibility, 
low dielectric constant, ductility, and processability of high polymers). Therefore, by 
creating a synergistic effect (Fig. 1.9), Sol-derived organic/inorganic hybrid materials 
have been used in many fields: optics, electronics, ionics, mechanics, membranes, 
protective coatings, catalysis, sensors, biology…[10].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.9 : The synergistic effects of hybrid materials. 
1.3  Molecularly Imprinted Sol-Gel  
Molecular recognition concept is associated with the lock and key mechanism, 
which was first reported by Pauling to explain the recognition theory in 1940. 
In 1949 a study was performed by a student of Linus Carl PAULING; Frank Dickey, 
which involved the development of molecular imprinting in silica matrices in the 
presence of dyes. Dickey observed that after removal of the “patterning” dye the 
silica would rebind the same dye in the preference to the others. Dickey’s Silicas 
can be considered to be first imprinted materials [11]. 
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Dickey’s approach to introduce the template in the sodium silicate pre-
polymerisation mixture produced a more definite influence on the structure of the 
silica, whereas Polykov introduced the template after silica framework had been 
formed. Dickey’s work is similar to present methodologies, thus, this method 
became the most widely used in subsequent studies. 
Silica imprinting contiuned during the 1950s and 1960s, but the number of 
publications in the area remained low. Work in the area involved attemptting to use 
imprinted materials fort he practical seperataions such as, solid phases in 
chromatography and in thin layer chromatography. The reasons fort he limited 
interest were related to limitations in the stability and reproducibility of the imprinted 
silica materials. 
In 1972, independent research by both Klotz and Wulff reported the first examples of 
molecular imprinting in synthetic organic polymers. This technique has come to be 
known as the so-called covalent approach; however, the most important develop-
ment has been the introduction of a general non-covalent approach pioneered by 
Mosbach in the 1980s [12]. 
1.3.1 Principle of molecular imprinting  
This idea is successfully translated by the molecular imprinting technique, which 
was first introduced by Kiefer et al. and Wulf, independently in organic polymer 
systems. 
Molecular imprinting is a technique to synthesize highly cross-linked polymers 
capable of selective molecular recognition. In molecular imprinting processes, one 
needs a template, functional monomers, cross-linker(s), initiator, porogenic solvent, 
extraction. 
 
Figure 1.10 : Principle of molecular imprinting. 
Functional monomers 
Target molecule 
Self-assembly 
Polymer film 
Polymerization 
Solvent 
extraction 
Imprinted cavity of the template 
Rebinding 
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The principle is summarized in Fig. 1.10: polymerization of a monomer occurs in the 
presence of the target molecule (template) which is incorporate in the polymer ma-
trix. The process starts with dissolution of template, functional monomer, cross-
linking agent and initiator in a porogenic solvent. Functional monomers are chosen 
to interact with the template molecule since the formation of a stable template-
monomer complex is fundamental for the success of molecular recognition. Mono-
mers are positioned spatially around the template and the position is fixed by copol-
ymerization with cross-linking monomers. The polymer obtained is a macroporous 
matrix possessing microcavities with a three-dimensional structure complementary 
to that of the template. Thus, the removal of the template molecules from the poly-
mer, by washing with solvent, leaves binding sites that are complementary in shape 
to the template. Consequently, the resultant polymer recognizes and binds selective-
ly the template molecules. The binding sites show different characteristics, depend-
ing on the interactions established during the polymerization. Traditionally, molecular 
imprinting is classified according to the nature of the interactions between monomer 
and template during the polymerization [13-15].  
These are covalent and non-covalent interactions (Fig. 1.11). 
 
Figure 1.11 : The non-covalent and covalent imprinting approaches. 
The covalent approach to molecular imprinting promises the most homogeneous 
binding site distribution with largely identical binding pockets. The binding constants 
for the template molecule are high, since the interaction between template and func-
tional monomer is based on covalent interactions sure to withstand polymerization 
conditions. A chemical synthesis step is necessary to bind the template to the func-
tional monomer with bond types such as Schiff bases, boronates, ketals, carboxylic 
amides and esters. However, despite the high affinities of the polymeric material, the 
(a) Non-covalent approach 
(b) Covalent approach 
 Self-assembly 
Synthesis of 
polymerizable 
template 
     Polymerization 
Polymerization 
Solvent 
extraction 
Extraction by 
chemical 
cleavage 
Rebinding 
Rebinding covalent 
or non-covalent 
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range of functional groups which can be targeted is restricted and removal of the 
template molecules is tedious (chemical cleavage) and limits the application of cova-
lently prepared MIPs. Furthermore, slow binding kinetics restrict the analytical appli-
cation of covalently imprinted MIPs, if rebinding is based on reversible covalent 
bonds. Alternatively, in the semi-covalent approach rebinding occurs via non-
covalent interactions taking advantage of faster rebinding kinetics. 
In non-covalent molecular imprinting, complexes assembled by non-covalent inter-
actions are formed in the pre-polymerization mixture. Complexation is achieved by 
mixing template, functional monomer, and cross-linker in a porogenic solvent matrix. 
As a consequence, sufficient complex stability is required to enable binding pocket 
formation during the polymerization process. In contrast to covalent imprinting, the 
self-assembly approach is characterized by a more heterogeneous binding site dis-
tribution. Resulting, sample overload may occur due to rapid saturation of the com-
paratively low amount of high-affinity binding sites, which result in a significantly 
decreased overall polymer performance. Nevertheless, the again at least at first 
sight simple preparation procedures, the wide range of imprintable compounds, and 
reversible host-guest binding based on non-covalent interactions (‘biomimetic bind-
ing’) render the non-covalent imprinting approach the most widespread method for 
MIP preparation [16]. 
1.3.2 Applications of molecularly imprinted sol-gel 
Molecularly imprinted sol-gels are used in many fields in Fig. 1.12 such as medical, 
biomedical, immunoassays applications and bio-chemical sensors etc.  
One of the applications of molecularly imprinted sol-gel is that Immunoassay, based 
on a selective affinity of the biological antibody for its antigen, is one of the most 
usual analytical methods in food safety and environmental chemistry.  Z.X. Xu and 
coworkers, focuses on the recent states, advantages, current problems and outlooks 
of molecularly imprinted radio, fluoro, enzyme-linked and chemiluminescent immu-
noassays, and biomimetic immunosensor, with special emphasis on the challenges 
in developing biomimetic enzyme-linked immunosorbent assays (BELISAs) [17]. 
When the applications of separation technique which is design specifity in the 
literature, many of published documents of molecularly imprinted polymers is related 
to chromatographic methods and generally, molecularly imprinted polymers were 
used as stationary phases for getting a effective affinity. An typical example of that 
Krishnamoorthy Balamurugan et al. (2012) [18] prepared a specific affinity sorbent 
for the resolution of Cathine, a chiral drug product. The reason of using as template 
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molecule is that Cathine, also referred to as norpseudoephedrine, is a 
sympathomimetic drug. 
Figure 1.12 : Applications of molecularly imprinted sol-gels. 
It, as well as its related compounds phenylephrine, ephedrine, norephedrine and 
pseudoephedrine, are adrenergic agents widely used in the treatment of asthma, 
ophthalmia, colds and allergies. Also, cathinone releases serotonin in the central 
nervous system. Despite of increase the activity of the dopaminergic pathways, By 
WADA (World Anti-Doping Agency), Cathine is prohibited when its concentration in 
urine is greater than 5 micrograms per milliliter [19]. In this study, Methacrylic acid 
and ethylene glycol di-methacrylate were copolymerized in the presence of the tem-
plate molecule. The bulk polymerization was carried out in chloroform with 2,2’-
azobisisobutyronitrile as the initiator, at 5 ºC and under UV radiation. The resulting 
MIP was ground into powders, which were slurry packed into analytical columns. So, 
they obtained very effective range of separation factor for the enantiomers. 
Molecular imprinted polymers have been used considerably in drug delivery sys-
tems. Besides, owing to present usable features, their popularity has’t lost in this 
field.  An example of recent study, Manuela Curcio and her colleagues (2012) [20] 
investigate the possibility of employing these monodispersed imprinted nanoparti-
cles as devices for the controlled/sustained release of QC. Moreover, cytotoxicity 
tests were conducted on HeLa cancer cells. 
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The other important application area of imprinting is a usage of biomedical. Japa-
nese Takashi Miyata, Takeshi Hayashi and their colleagues (2012) focused on that 
the effect of the molecular weight of cross-linkers on the responsive behaviour of 
tumor-marker-imprinted hydrogels having lectin and antibody molecules as ligands. 
The cross-linker chain length was an important factor in determining the dynamic 
glycoprotein recognition and responsive behaviour of the biomolecule-imprinted hy-
drogels [21]. 
1.4 Polymer Based Controlled Drug Release Systems 
Controlled drug delivery take place when a matrix, generally a polymer, if it's natural 
or synthetic, is opportunely reunited with a drug or other active agents in such a way 
that the active agent is released from the material in a controlled manner. The aim of 
many of the original controlled-release systems was in order to get a delivery profile 
that would yield a high blood level of the drug over a long term. The most important 
point with traditional drug administration is that the blood level of agent might remain 
between a maximum value, which can represent a toxic level, and a minimum value, 
below which the drug do not exhibit longer effective. In controlled drug delivery sys-
tems which are designed for long-term administration, level of drug in the blood 
ought to remain stable at desired space. Controlled-delivery systems suggest the 
other advantages i.e the need for fewer administrations, optimal use of the specific 
drug, and increased patient compliance. All these advantages can be very im-
portant. However, potential disadvantages should nonignorable: the possible toxicity 
or non-biocompatibility of the materials used, undesirable by products of degrada-
tion, any surgery required to implant or remove the system, the chance of patient 
discomfort from the delivery device and the higher cost of controlled-release sys-
tems compared with traditional pharmaceutical formulations. So, the ideal drug-
delivery system must be inert, biocompatible, mechanically strong, comfortable for 
the patient, capable of achieving high drug loading, safe from accidental release, 
simple to administer and remove and easy to manufacture [22]. Nowadays, soluble 
polymers, microparticles made of insoluble or biodegradable natural and synthetic 
polymers, microcapsules, cells, lipoproteins, liposomes and micelles have been 
used in large-scale as drug carriers. Especially, derivatives of sol-gel materials such 
as, molecularly imprinted sol-gel and hydrogel are only so suitable for artifical drug 
models having many excellent features. Therefore, these causes make them the 
best candidate. 
Many research groups have observed and tried to explain both drug release and it's 
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mechanism for hybrid sol–gel film. There are several explanations of mechanisms of 
controlled drug release systems in the literature.  
Fariba Ganji et al. and Peppas, N. A. et al. [23-25]. described in detail many meth-
ods applying in drug delivery system as giving informations of their kinetic studies, 
advantages and disadvantages, challenges, various factor effects. Despite release 
can be divided mainly into four categories: Delayed release, sustained release, site 
specific targeting, receptor targeting, Basically, there are two ways that a drug can 
be released from a polymer implant: Diffusion through the implant and into the sur-
rounding tissue and degradation of the implant by enzymes, water, or acidic/basic 
conditions coupled with diffusion. 
Even so, when the release events are more specifically summarized according as 
researchers, it could see clearly that by Kumar, controlled-release drug-delivery as 
controlled release and extended release titles were gathered under the titles of sus-
tained release on the other hand, Neeves explained diffusion only and diffusion and 
degradation including these two significant mechanisms as shown in Fig. 1.13.  
 
Figure 1.13 : Schematic representation of diffusion sustained drug release: 
      (a) reservoir system, (b) matrix system. 
Most diffusion-controlled carriers are simple and monolithic in nature. In these 
systems, a drug is dissolved (or dispersed if the concentration exceeds the 
Time-t 
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polymer’s solubility limit) in a nonswellable or fully swollen matrix that does not 
degrade during its therapeutic life. In dissolved systems ( 0 SC C< ), 0C  is the initial 
loading concentration and SC  is the saturation concentration. Fick’s second law, for 
slab geometry, 
2
2
i i
i
C CD
t x
∂ ∂
=
∂ ∂
     (1.1) 
can be solved under the appropriate boundary conditions to obtain an expression for 
concentration iC  (x, t). Di is the diffusivity of the solute in the polymer matrix, and 
iC  is the concentration of species i. Equations for calculating iD  for porous, 
microporous, and nonporous hydrogels have been tabulated. Differentiating iC (x, t) 
with respect to x allows for substitution of this result into Fick’s first law: 
i i
i i
dM dC1 J D
A dt dx
= =     (1.2) 
This expression can then be integrated under the appropriate boundary conditions 
at the interface, x, to develop an equation for tM , where tM  is the cumulative mass 
or moles released from the system: 
t tt t i
0 0
M dM Cdt D dt
A Adt x
∂
= =
∂∫ ∫    (1.3) 
With dispersed systems ( 0 SC C> ), the situation is more complex as the precipitated 
regions are considered nondiffusing and disappear as a function of drug release to 
create a moving boundary problem. The well-known Higuchi equation (for planar 
geometry),   
= −0(2 )t S SM S C C C Dt     (1.4) 
provides a simple model for release by treating the problem as a pseudosteady 
state. In this expression, S represents the surface area available for drug release. 
Expansions to this model have produced expressions for spherical geometries and 
to account for drug concentrations near the solubility limit for the polymer. 
In traditional swellable systems, drugs are loaded into dehydrated hydrophilic 
polymers or hydrogels by simply packing the two substances together. In the 
absence of a plasticizing aqueous solvent, these systems are usually well below 
their glass transition temperature, Tg, and have very low diffusivities. Once exposed 
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to an aqueous environment, the hydrogels imbibe water and swell. If the polymer is 
not chemically cross-linked (or crystalline), then dissolution creates an erosion front. 
Drug delivery devices that operate as swelling-controlled systems undergo a 
transition from the glassy to rubbery state during solvent swelling, which relaxes 
polymer chains and dissolves dispersed drug deposits. This process creates two 
simultaneously moving fronts, diffusion and swelling, in addition to the erosion front, 
if present. This has been shown dramatically using cylindrical hydroxypropyl 
methylcellulose (HPMC) sections loaded with buflomedil pyridoxal phosphate. The 
diffusion front is created at the dissolved-dispersed drug boundary where the 
localized solvent volume fraction is higher than at the core of the polymer matrix. 
The swelling front is created as water is imbibed into the matrix, thus increasing 
chain motility. Starting in the center of a polymer matrix, a negative gradient in 
polymer volume fraction and entanglement exists relative to the outside surfaces. 
The dispersion-dissolution and erosion boundaries are continuously moving relative 
to each other, and the associated diffusion lengths are constantly changing. A 
popular empirical model that can be used to describe transport for swellable 
systems is based on the power-law expression: 
ntM kt
M∞
=      (1.5) 
In this equation, tM is the mass uptake of water or water-solvent mixtures at time t, 
M∞  is the total mass loaded into the polymer, and k and n are the constants of the 
power-law expression. This expression provides the fractional mass released from a 
polymer matrix as a function of time. The value for n is dependent on the type of 
transport, geometry and polydispersity. Case I or Fickian diffusion describes the 
condition in which diffusion is slow compared with the rate of chain relaxation. This 
condition is correlated to n=0.50 for thin film geometries. For cylindrical and 
spherical geometries, the characteristic n values are 0.45 and 0.43, respectively. For 
Case II diffusion, the system is relaxation controlled because the chain relaxation 
rate is the kinetically limiting component, thus n=1. Systems with values of n 
(0.43<n<1) experience anomalous transport and indicate that diffusion and 
relaxation mechanisms are similar in rate. This model has been expanded to 
account for lag times in release and burst effect as well as for separating diffusion 
and Case II contributions into separate terms.The fractional mass uptake is found to 
be proportional to the fourth root of time rather than the square root, predicted by 
Fickian diffusion. This type of diffusion is classified as pseudo-Fickian. The model 
predicts for the first time a class of non-Fickian diffusion called pseudo-Fickian on 
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physical grounds. This behaviour, where the initial mass uptake is proportional to tn, 
where n<1/2, was first defined by Crank [26]. The pseudo-Fickian region, 
corresponding to weight gain which is a linear function of the square-rout time, 
indicates that the rate of diffusion is greater than the rate of relaxation. 
1.4.1 Responsive polymers for drug delivery 
Environmentally responsive polymers, or smart polymers, are a class of materials 
comprised of a large variety of linear and branched (co)polymers or cross-linked 
polymer networks. A hallmark of responsive polymers is their ability to undergo a 
dramatic physical or chemical change in response to an external stimulus. 
Temperature and pH changes are commonly used to trigger behavioural changes, 
but other stimuli, such as ultrasound, ionic strength, redox potential, electromagnetic 
radiation, and chemical or biochemical agents, can be used. These stimuli can be 
subsumed into discrete classifications of physical or chemical nature [27].  
 
Figure 1.14 : Illustrative examples of responsive behaviour. (a) Coil-to-globule 
transition of linear polymer chains in solution, (b) Responsive        
swelling/deswelling of a surface-grafted cross-linked hydrogel 
particle, (c) Stimuli-responsive micellization of amphiphilic block 
copolymers. 
Physical stimuli (i.e., temperature, ultrasound, light, and magnetic and electrical 
fields) directly modulate the energy level of the polymer/solvent system and induce a 
polymer response at some critical energy level. Chemical stimuli (i.e., pH, redox 
(a) 
ΔpH, ΔT 
Hydrophobic part 
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ξ 
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potential, ionic strength, and chemical agents) induce a response by altering 
molecular interactions between polymer and solvent (adjusting hy-
drophobic/hydrophilic balance) or between polymer chains (influencing cross-link or 
backbone integrity, proclivity for hydrophobic association, or electrostatic repulsion). 
Types of behavioural change can include transitions in solubility, hydrophilic-
hydrophobic balance, and conformation [28]. These changes are manifested in 
many ways, such as the coil-globule transition of polymer chains [29], 
swelling/deswelling of covalently cross-linked hydrogels [30], sol-gel transition of 
physically cross-linked hydrogels [31], and self-assembly of amphiphilic polymers 
[32] (Fig. 1.14).  
1.4.1.1 Responsive systems based on temperature 
Temperature has been widely investigated as a stimulant for responsive polymer 
systems owing to its ease of modulation and applicability in drug delivery 
applications. Tanaka observed temperature-dependent swelling of polymer gels [33] 
following its theoretical prediction more than 40 years ago [34]. One thermo-
responsive polymer, PNIPAAm, has been thoroughly investigated for its ability to 
undergo a reversible, inverse (or negative) temperature-dependent phase transition 
[35]. Below its lower critical solution temperature (LCST) near 32 ºC, PNIPAAm 
exists as a hydrophilic coil, whereas above the LCST, PNIPAAm chains collapse 
sharply into a hydrophobic globule [36]. The nature of this volume phase transition 
stems from the hydrophilic/hydrophobic balance of polymer chains [37], which is 
modulated by continual establishment and disruption of intra- and intermolecular 
electrostatic and hydrophobic interactions. Below the LCST, water molecules exist in 
an ordered state in the local environment of polymer chains [38]. As temperature 
rises above the LCST, polymer-polymer hydrophobic interactions dominate. 
Consequently, polymer chains collapse and water molecules are released to the 
bulk, resulting in a net entropic gain for the polymer/solvent system [39]. 
For drug delivery applications, it may be desirable to shift the critical temperature for 
volume phase transition to a specific temperature range. This can be accomplished 
through the inclusion of hydrophobic or hydrophilic moieties in the polymer chain. 
Polymers with a larger hydrophobic hydration area possess stronger hydrophobic 
interactive forces and undergo collapse at a lower temperature [40]. Conversely, 
increasing the hydrophilic content of the polymer chain will increase the LCST. 
Polymers that exhibit positive temperature-dependent swelling behaviour, i.e., a 
globule-to-coil transition with increasing temperature, possess an upper critical 
solution temperature (UCST). These materials, such as poly(acrylic acid) and 
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poly(acrylamide) interpenetrating networks (IPNs), are discussed in more detail 
elsewhere [41]. 
Physically cross-linked gels, such as methoxy-substituted cellulose derivatives, 
PNIPAAm copolymers, and various Pluronics can undergo a sol-gel phase transition 
near their LCST [42]. These materials are attractive candidates for in situ implants in 
which thermoreversible gelation is exploited for the facile implantation of solid drug-
depot preparations [43]. In these systems, a liquid drug/polymer solution is injected 
into a target site at ambient temperature. As the solution temperature warms to body 
temperature, the polymer gels which entrap the drug in the physically cross-linked 
matrix. Diffusion of the drug from the solid gel allows for sustained-release 
formulations. This approach was used in a study describing the release of model 
protein bovine serum albumin (BSA) from temperature-responsive chitosan grafted 
with PEG (PEG-g-chitosan) [44]. PEG-g-chitosan containing 45 and 55 wt% grafted 
PEG was loaded with BSA and incubated at 37 ºC to evaluate release kinetics. Both 
gels demonstrated initial burst release of BSA during the first 5 hours followed by 
sustained, diffusion-driven release until approximately 70 hours. Cross-linking the 
gels with genipin resulted in prolonged release of BSA for up to 40 days. 
1.4.1.2 Responsive systems based on pH 
Physiological pH varies systematically in the body, particularly along the GI tract, 
where harsh pH and enzymatic conditions in the stomach (pH∼2) degrade 
macromolecules. The small intestine is substantially more alkaline, with pH∼6.2–
7.5. Physiological pH profiles will also change among cellular compartments. For 
example, endosomes typically exhibit pH values of 5.0–6.8 and lysosomes 4.5–5.5 
[45,46]. Also, it is well known that diseased or inflamed tissues exhibit different pH 
profiles than normal tissue [47]. Tumors have been widely reported to produce acidic 
conditions (pH∼6.5) in the extracellular milieu [48]. Thus, it is no surprise that 
scientists and engineers have devoted considerable effort toward the rational design 
of polymers capable of exploiting these pH variations to selectively deliver valuable 
therapeutics to specific intracellular or extracellular sites of action. By judicious 
materials selection and careful engineering of molecular architecture, pH-responsive 
polymer delivery systems can be developed to give well-controlled pH response and 
drug release. 
Bae and colleagues [49–51] have recently reported polymer micelles possessing 
dynamic, multifunctional behaviour for drug delivery. Self-assembling amphoteric 
polyamine-based block copolymers were functionalized with folate, biotin, and HIV 
peptide trans-activating transcriptional activator (TAT) ligands, thus demonstrating 
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robust applicability in targeted delivery. Folate or biotin ligands enhance cellular 
uptake via receptor-mediated endocytosis [52], and TAT is a well-known peptide 
transduction domain [53]. By conjugating the cell-penetrating peptide TAT, particles 
of up to 200 nm gain direct access to the cell [54], effectively circumventing the 
intracellular trafficking pathway. The polymer system, a mixture of two block copoly-
mers, poly(L-histidine)-b-PEG (polyHis-b-PEG) and poly(L-lactic acid)-b-PEG-b-
polyHis-ligand (pLLA-b-PEG-b-polyHis-ligand), self-assembled into mixed micelles 
capable of ligand exposure, micelle destabilization, and endosomal disruptionin 
response to pH. A short poly His block preceding the ligand serves to anchor the 
ligand at the core-shell interface, which effectively shield sits presentation on the 
micelle surface at neutral pH. Upon exposure to a slightly acidic (6.5<pH<7.0) 
environment, the short polyHis anchor ionizes and PEG-b-polyHis arm unfurls, 
exposing the ligand on the micellar surface. This response is expected to confer 
tumor specificity to the micelle carrier, as the ligand will be unavailable to promote 
receptor-mediated endocytosis or cellular transduction in normal (pH 7.4) tissue. 
Further acidification (pH<6.5) induced micelle dissociation by ionization of the His 
residues in the micelle core. Breast adenocarcinoma cells exposed to doxorubicin 
(Dox)-loaded mixed micelles displayed prominent intracellular distribution and 
nuclear localization of Dox after 30 minutes and experienced ∼60% reduction in cell 
viability after 48 hours. 
1.4.2. Applications and examples 
The majority of responsive polymers for drug delivery can be broadly categorized as 
hydrogels, micelles, polyplexes, or polymer-drug conjugates, which are covered in 
more detail in subsequent sections. Hydrogels are hydrophilic (co)polymeric 
networks capable of imbibing large amounts of water or biological fluids [55]. 
Physical or covalent cross-links render hydrogels insoluble in water. Hydrogels can 
be engineered to respond to various stimuli and have demonstrated significant utility 
in the medical and pharmaceutical arenas. Peppas and coworkers have pioneered 
the use of pH-responsive complexation hydrogels of poly(methacrylic acid) grafted 
with PEG, referred to as P(MAA-g-EG), for oral protein delivery. Through 
interpolymer complexation in acidic conditions, this system has been shown to 
successfully entrap, protect, and mediate delivery of insulin [56], calcitonin [57], and 
interferon β [58]. Micelle-forming polymers, such as block copolymers of 
poly(ethylene oxide) and poly(propylene oxide), or Pluronics®, have been thoroughly 
studied in drug delivery. These polymers exhibit temperature-responsive 
micellization [59], as do block copolymers of poly(N-isopropylacrylamide) 
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(PNIPAAm) coupled with hydrophilic PEG. Polyplexes formed by cooperative 
electrostatic interactions between polyethyleneimine (PEI) and DNA are widely 
studied for gene delivery. Since the seminal paper by Boussif et al. [60], several 
facets of PEI-mediated gene delivery have been investigated, including the influence 
of cross-linking, MW, branching, and biodegradability [61–63]. 
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2. EXPERIMENTAL SECTION 
2.1 Materials  
3-isocyanatopropyltrimethoxysilane and polypropylene glycol were obtained from 
Alfa-easer company and dibutyltin dilaurate was provided by TIB Chemical 
Company, respectively. Tetramethoxysilane, methyltrimethoxy silane and 
aminopropyltrimethoxy silane were purchased from Aldrich. Tryptophan and 
dibutylamine were obtained from Fluka. Organic solvents; hexane, 2-
methoxyethanol, ethanol and the other chemicals were supplied by Merck.  
The chemicals and their properties were shown in Table 2.1. 
Table 2.1 : List of chemicals. 
 
 
Chemical name:   Polypropylene glycol 
Molecular formula: HO(C3H7O)nH 
Formula weight:      3900 g/mol 
 
 
Chemical name: 3-
isocyanatopropyltrimethoxysilane 
Molecular formula: C7H15NO4Si 
Formula weight:     205.28 g/mol 
 
 
 
 
 
Chemical name:      Dibutyltin dilaurate 
Molecular formula:  C32H64OSn 
Formula weight:      631.56 g/mol 
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Table 2.1 (continued): List of chemicals. 
 
 
Chemical name:(3-Aminopropyl)triethoxysilane 
Molecular formula: C9H23NO3Si 
Formula weight:     221.37 g/mol 
 
 
 
Chemical name:     Tetramethoxysilane 
Molecular formula: C4H12O4Si 
Formula weight:     152.2 g/mol 
 
 
 
 
 
Chemical name:     Tryptophan 
Molecular formula: C11H12N2O 
Formula weight:     204.23 g/mol 
 
 
Chemical name:     Dibutylamine 
Molecular formula: C8H19N  
Formula weight:     129.24 g/mol 
 
 
 
 
 
 
 
Chemical name:     Methyltrimethoxysilane 
Molecular formula: C4H12O3Si 
Formula weight:     136.22 g/mol 
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2.2 Equipments and Instrumentations 
• Vortex mixer VG3.1, IKA® minishaker was used to mix the solutions and get 
a homogeneous solution during preparation of sol-gel. 
• KNF. Neuberger type NO22AN.18, Vacuum pump was used as a degasser 
device for preventing the unwanted chemical reactions in a container or 
small tubes.  
• Magnetic stirrer (type 3002 Heidolph) was utilized in order to keep 
homogeneity of sol-gel concentration during experiments. 
• The gel samples were weighed with Precisa XB 220A precision balance 
(Precisa Gravimetrics AG, Dietikon, Switzerland) which has a capacity of 220 
g, a readability of 0.0001 g. 
• Function Line Heraeus oven which runs between 1-100 0C and is sensitive to 
1 0C, was used for drying of gels 
• Plastic syringe that has a inner diameter of 4.5-5 mm was used to gelation 
reactions  
• The diameters of the cylindrical gel samples were measured using a 
calibrated digital compass (Electronic digital caliper). The device had a 
measuring range between 0-150 mm with an accuracy of ±0.02 mm.  
• The instrument used was an FTIR (Fourier-transform infrared) spectropho-
tometer of Perkin–Elmer, Spectrum One. The resolution of the equipment 
was 4 cm−1. The recorded wavenumber range was from 400 to 4400 cm−1 
and All spectra were averaged to reduce the noise and respectively, were 
processed with baseline subtraction and smoothing, normalization, abex fit-
ting. A commercial software Spectrum v5.0.1 was used to process and calcu-
late all the data from the spectra. The main purpose in using FTIR spectrop-
hotometer is that this technique provides information about the chemical 
bonding or molecular structure of materials 
• Varian Cary Eclipse Fluorescence Spectrophotometer was used for measu-
ring excitation-emission spectra of the gel samples 
• VWR® Thermostat water bath was used for providing a constant temperature 
during the gel preparations. 
• Bandelin Sonorex Ultrasonic Bath was used for 
homogenization of solutions. 
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• pH change was determined by pH meter inoLab pH 730 (WTW, Germany). 
• Preparation of PPG-ICPTS was performed in a Hot plate (Heidolph MR 
3001K Model) 
2.3 Method 
2.3.1 Preparation of PPG-ICPTS  
Polypropylene glycol (PPG) was dried at 100°C for one hour in a three-necked glass 
flask. Then, dibutyltin dilaurate (DBTDL) and 3-isocyanatopropyltrimethoxysilane 
(ICPTS) were added drop by drop for about 1 hour and the mixture was stirred 
continuously for 24 h under nitrogen at 75°C. After the reaction, silanated PPG was 
washed with hexane. PPG-ICPTS was obtained after drying in a vacuum oven.  
 
Figure 2.1 : The synthesis of PPG-ICPTS. 
The purified hydrophilic silicon-containing polyfunctional monomer was identified 
using Attenuated Total Reflectance-Infrared (ATR-FTIR). In addition, a comparison 
of the IR spectra before and after the reaction reveals that a peak representing the 
cyanate group (--N═C═O), which contributes a strong vibration band at 2260 cm-1, 
is clearly seen in the ICPTS spectrum and completely disappears in the PPG-ICPTS 
spectrum (Fig. 2.1, Fig. 2.2).  
Moreover, a peak representing carbonyl (--C═O) was generated at 1715 cm-1 and 
the band of hydroxyl (-OH) from PPG at 3485 cm-1 disappeared in IR spectrum after 
the coupling reaction since hydroxyl groups at the terminal end of PPG reacted to 
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form amide bond (--NH--(C═O)). 
 
Figure 2.2 : FT-IR spectra of ICPTS, PPG and PPG-ICPTS.  
2.3.2 Preparation of hybrid polysiloxane films with tryptophan (MIP synthesis) 
The Trp imprinted polymers or hybrid polysiloxane films with Trp (see Table 2.2) 
were prepared by polymerization using the following components. 
Table 2.2 : The amounts of chemicals used in synthesis of hybrid polysiloxane films 
with Trp. 
 
(35%) PPG-
ICPTS 
(g) 
APTES 
 
(µl) 
TMOS 
 
(µl) 
MTMOS 
 
(µl) 
DBA 
 
(µl) 
0.05M 
Trp (in 
water) 
(µl) 
Film-A 1 35 35 - - 35 
Film-B 1 35 - - - 35 
Film-C 1 - 35 35 35 35 
Film-D 1 - - 35 35 35 
The hybrid sol-gel derived polymers were prepared in the presence of Trp molecule 
using PPG-ICPTS, APTES (aminopropyltrimethoxysilane), methyltrimethoxysilane 
(MTMOS) and tetramethoxysilane (TMOS) and then, the mixture was allowed to 
hydrolyze.  
Four hybrid polysiloxane films were prepared by PPG-ICPTS as spacer, with and 
without TMOS as cross-linker, APTES and MTMOS as functional precursors, 
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Dibutylamine (DBA) as catalyzer covalently bounded to polysiloxane chain in the 
presence of Trp (Fig. 2.3). 
The same procedure without template was used to prepare hybrid polysiloxane 
films. 
 
Film-A 
 
Film-B 
 
Film-C 
 
Film-D 
Figure 2.3 : Molecular structures of hybrid polysiloxane films with Trp. 
Attenuated Total Reflectance-Infrared (ATR-FTIR) spectra of Film-A, Film-C and n-
imp Trp hybrid sol-gel films were obtained (Fig. 2.4). Since the concentration of Trp 
in sol-gel matrix was very low, the presence of Trp in sol-gel material was not 
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distinguished by comparing the FT-IR spectra. 
 
Figure 2.4 : FT-IR spectra of Film-A, Film-C and n-imp Trp hybrid sol-gel films. 
FTIR spectra of the sol-gel films are shown in Fig. 2.5. The spectra shows the pre-
sence of typical silica bands relative to the inorganic framework. The vibration band 
of the siloxane (Si-O-Si) groups is shown at about the broad band around 1088 cm-1 
[64,65]. The frequency bending of the Si–OH band is seen at about 925 cm-1. Peak 
at, 1342 cm-1 is due to the vibrations of methylene groups in the APTES precursor. 
Therefore, the absorption bands at 1342 cm-1 and 1372 cm-1  can be assigned to the 
Si-CH2 stretching [66-68].  
 
(a) 
 
(b) 
Figure 2.5 : An enlargement of the spectra showing the bands between; (a) 1800-
550 cm-1 and (b) : 1300-1175 cm-1. 
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The band at 1275 cm-1 of the MTMOS precursor in Film-C, which can be seen in the 
enlargement shown in Fig. 2.5, is due to (H-C-H) in the Si-CH3 group, as reported by 
Kavitha et. al. [69].  
The remaining spectral features include an absorbance feature at 1536 cm-1, co 
responding to the NH2 scissor vibration and confirming the presence of the NH2 ter-
minal group of APTES molecules [70]. 
2.4 Solvent Uptake Experiments in Ethanol:Water Mixtures 
The dried gels (Film-A,B,C,D) which first were weighed and having the different 
chemical compositions were put into polypropylene tubes and swollen in 10 mL of 
ethanol-water mixtures for 7 days. Then, change in masses was recorded by 
weigthing the gels depending on time.  
The amounts of solvent uptake by 1 g of gels were calculated by using equation 
(2.1): 
                          
( )
Solvent uptake t d
d
W W
W
−
=
   (2.1) 
Where,  Wt is the weight of gel at time t, Wd is the weight of dry gel.  
2.5 Solvent Release Experiments in Distilled Water  
After The hybrid sol-gels (Film-A,B,C,D) were swollen 10 mL of ethanol-water 
mixture for 7 days, the gels were put into four separate polypropylene tubes and 
they were deswelled in 10 mL of deionized water at ambient temperature in different 
incubation times (Film-A and C for 2 days and Film-B and D for 1 days). Then, 
change in mass was observed and measured depending on time. Futhermore, the 
concentrations of Trp released by Film-A,B,C,D in this solution were monitored by 
fluorescence spectroscopy with respect to time.   
The solvent retention or the amounts of solvent release by 1 g of gels (g-solvent/g-
gel) were calculated by the equation (2.2): 
  
( )
Water retention r d
s
W W
W
−
=
    (2.2) 
Where, Wr is the weight of deswelled gel at time t, Wd is the weight of dry gel and Ws 
is the weight of gel at swelling equilibrium. 
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2.6 Evaluation of Trp Released by Hybrid Polysiloxane Films  
Previously, 2.5 mL of solvent-mixture was put into a quartz tube that was placed into 
fluorescence spectrophotometer device. A hybrid sol-gel film was put into the 
mixture, then fluorescence emission spectra of the solution were recorded 
depending on time. Trp concentration was calculated using each calibration curve 
obtained in different solvent mixture (Appendix). Concentrations of Trp released by 
1g of gels were calculated using dried weights of gels. 
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3. RESULTS AND DISCUSSION  
3.1 Fluorescence Spectra of Trp During The Gelation 
Pregel solution prepared in plastic tube was placed into compartment of 
fluorescence device and fluorescence spectra of Trp existing in pregel solution was 
monitored depending on time. As seen from Fig. 3.1, fluorescence emission intensity 
of Trp increases upon reaction time, and reached the maximum. The reason for the 
increase in emission intensity is the trapping of Trp molecule in the network of sol-
gel structure and reduce in relaxation time of Trp molecule. The formation of hybrid 
sol-gel is almost completed within the 40 minutes (inset Fig. 3.1).   
 
Figure 3.1 : Change in fluorescence spectra of Trp during the gel formation. Inset:   
emission intensity at 356 nm depending on time. 
After hybrid sol-gels were prepared, they were dried and cut into the shape of 
rectangular with a thickness of about 0.5 mm. Then, they were placed into the 
ethanol-water mixture solution with different compositon and were weighted 
depending on time (Fig. 3.2) 
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3.2 Swelling and Solvent Uptake of Hybrid Sol-Gels  
The equilibrium swelling ratio of hydrogel, which signifies the expanding and 
retracting forces between the crosslink at equilibrium, was determined by 
measurements in water and the water-solvent mixtures. The weight of the swollen 
sample was measured after blotting excessive solution mixture gently with filter 
paper. Swelling behaviour of the hybrid sol-gel material in ethanol–water mixtures 
of different compositions is shown in Fig. 3.2. As seen from Fig. 3.2, when 
incubation time goes on, the equilibrium swelling degree ratio or solvent uptake of 
sol-gel film in different solvent compositions (ethanol:water (v/v)) at ambient 
temperature increases. The degree of swelling in feed composition containing 
25% water was found to be very low, but the value increased steadily with 
increasing concentration of ethanol. The swelling gradually reached equilibrium at 
270 minutes in ethanol-water combinations at room temperature. The highest 
swelling degree was observed for 75% ethanol-25% water mixture. 
 
Figure 3.2 : Swelling degree of n-imp gel synthesized in absence of Trp  depending 
on solvent composition. 
The comparison between the time-dependent swelling uptakes (gram solvent/gram 
gel) of the hybrid sol-gel materials in 75% ethanol-25% water (v/v) mixture are 
illustrated in Fig. 3.3. As seen from Fig. 3.3 hybrid sol-gel Film-D has adsorbed 
much more solvent than those of the other gels. Since the gel Film-D has MTMOS 
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containing methyl group on the structure, it makes the hybrid gel more hydrofob 
because of rising hydrophobicity in network structure. When compare with Film-C 
containing MTMOS and TMOS, low solvent uptake is due to the content of TMOS 
which acts as a cross-linker causing denser network. On the other hand, solvent 
uptake of both Film-A and Film-B is lower than those of the Film-C and Film-D. 
 
Figure 3.3 : Solvent uptake of Trp imprinted hybrid sol-gels in 75% ethanol-25% 
       water solutions depending on time. 
The reason for low solvent uptake is due to the the existance of APTES. Because 
APTES forms hydrogen bonding in network structure causing inhibition the solvent 
absorption by hybrid gel. The degree to which the volume increases depends on the 
degree of cross-linking, function of precursor and the degree to which the polymer 
"likes" the solvent. 
When a hybrid sol-gel film is brought into contact with solvent mixture, the mixture 
diffuses into the film and the film expands resulting in swelling of the gel. Diffusion 
involves migration of solvent into pre-existing or dynamically formed species be-
tween sol-gel chains. Swelling of gel involves larger scale segmental motion result-
ing ultimately increase in separation between film chains.  
The equation 3.1 was used to investigate the nature of diffusion mechanism, the 
sorption data of the solvent-polymer system have been fitted to the equation: 
log( ) logk nlog(t)tM
M∞
= +     (3.1) 
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where: tM  and  M∞  are the mass uptake  of solvent or water-solvent mixtures at 
time t and equilibrium, respectively; k is a constant that depends on the polymer 
morphology and the polymer interaction; the value of n determines the mode of 
transport of the solvent through the polymer film. The study of diffusion phenome-
na of solvent in the polymer is used to clarify polymer behaviour. 
 
Figure 3.4 : Plots of log (Mt/M∞) versus log (t) for hybrid sol-gels in 75% ethanol  
25% water mixture. 
The values of n and k were calculated from the slope and the intercept of the plot of 
log (Mt/M∞) agains log (t), respectively (Fig. 3.4). The diffusional exponents (n) and 
calculated diffusion constants (k) are listed in Table 3.1 
Table 3.1 : Diffusional exponents (n) and rate constants (k) of Eq. (3.1). 
Sample n k 
Film-A 0.1086 0.62 
Film-B 0.0555 0.74 
Film-C 0.2974 0.28 
Film-D 0.4612 0.13 
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3.3 Release of Trp Followed by Fluorescence Measurements 
For the following Trp release by hybrid sol-gel films in ethanol-water mixture (75-25, 
v/v), fluorescence spectra of solutions in which contain each films were monitored 
and recorded depending on time (Fig. 3.5). Calculations of Trp amount released by 
each films were carried out by using Trp calibration curve which was obtained in 
same solvent mixture (Appendix Fig. A.1).  
                                                                   
(a) 
 
(b)                                                                    
 
                                                            
(c) 
 
  (d) 
 
Figure 3.5 : Fluorescence spectra upon diffusion of Trp existed within the gels: (a) 
Film-A, (b) Film-B, (c) Film-C, (d) Film-D in solvent mixture (75% 
ethanol-25% water solution) depending on time. Inset: Change in 
emission intensity of Trp depending on time. 
The amount of Trp release profiles a fuction of time for four hybrid sol-gel films 
which were incubated in 75% ethanol-25% water mixture is shown in Fig. 3.6. The 
data were collected from the gels aged for a week in which the time necessary to 
reach equilibrium of swelling. As seen from Fig. 3.6, fractional release of Trp at initial 
of time interval is in the order of Film-B<Film-A<Film-D<Film-C. On the other hand, 
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Film-C showed the highest amount of Trp release at swelling equilibrium, followed 
by Film-B, Film-D and Film-A, respectively. 
 
Figure 3.6 : Fractional Trp release in mixture of ethanol-water (75-25, v/v) versus 
time curves for different hyrid sol-gel materials. 
Meanwhile, fluorescence spectra of Trp existed on the matrix of different hybrid sol-
gel films at which they were in the dry cases, were obtained before the swelling 
study (Fig. 3.7). As seen from Fig. 3.7, Film-A, Film-B, Film-C and Film-D exhibit 
maximum intensities at 342 nm, 344 nm, 335 nm and 337 nm, respectively. After 
gels were incubated in 75% ethanol-25% water mixture for 7 days, they were taken 
out from the solution and fluorescence spectra of Trp which was trapped in sol-gel 
films were measured while they were wet with solvent mixture (Fig. 3.7). It was 
observed that Trp in Film-A, Film-B, Film-C exhibits emission intensities at 348 nm, 
345 nm and 356 nm, respectively. The reason for emission maximum of Trp shifts to 
red region is that Trp exists in more hydrophilic media. The fluorescence spectrum 
of Film-D which was incubated for a week could not be obtained since the gel was 
not fitted to the quartz tube due to the having big size. As seen from Fig. 3.7, the 
intensities of Trp spectra decrease upon swelling in solution showing the release of 
Trp from films.  
After all gels were collapsed in distilled water for 2 days, they were filtered and were 
put into a oven and dried for 2 days. The end of the drying of process, images of Trp 
imprinted gels and their dry weights were recorded. An image of Film-A was light 
opaque-cream colored while Film-B was transparent. The image of Film-C was light 
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opaque while Film-D had an opaque and shrunken image [Photos of gels can be 
seen in Appendix A.4 and A.5]. 
 
Figure 3.7 : Fluorescence spectra of sol-gels in dry state (Film-A,B,C,D) and after 7   
days immersed in 75% ethanol-25% water solutions. 
3.4 Deswelling of Hybrid Sol-Gels in Distilled Water Depending on Time 
After all gels were swollen in ethanol-water mixture (75%:25%, v/v) for 4 days, they 
were put into a water solution for deswelling procedure and weights of sol-gel films 
were recorded depending on time. As shown in Fig. 3.8, the rate of liberation of 
ethanol from the hybrid gels in aqueous solution is inversely proportional to the 
swelling degree of sol-gels. 
 
Figure 3.8 : Solvent release of hybrid sol-gel films in distilled water depending on 
time. 
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The smaller the swelling ratio, the greater the rate of liberation. During the deswell-
ing procedure, fluorescence spectra of solutions were measured depending on time 
and the concentration of Trp were calculated using calibration curve (Appendix A.2) 
obtained in water solution (Fig. 3.9). As seen from Fig. 3.9, hybrid sol-gel Film-C and 
Film-A exhibited higher Trp release compared with other films.  
 
Figure 3.9 : Concentrations of Trp released by hybrid sol-gel films which were 
initially swollen in solvent mixture then deswelled in water solution 
depending on time. 
3.5 Solvent Uptake of Sol-Gels in 75% Ethanol-25% 1M Trifluoro Acetic Acid 
(CF3COOH) Solution Depending on Time 
Solvent uptake behaviours of sol-gel films were investigated at acidic conditions, 
pH=1.0 (Fig. 3.10). As seen from Fig. 3.10, Absorbed amount of solvent by Film-C is 
higher than that of Film-A. At the same time Film-C also absorbed much more etha-
nol-water (75:25) mixture with pH of 6.64 (as seen from Fig. 3.3). When two condi-
tions are compared it was concluded that the solvent uptake was found to increase 
with decreasing pH.  
Cumulative release profiles of films were determined using the mathematical model 
or power law equation (3.1) and calculated from the slopes of the linear portion of 
the curves (Fig. 3.11). The plot of log(Mt/M∞) versus log(t) graph shows that each 
gels (Film-A and Film-C) have different diffusional coefficients (n) (n=0.16 and 
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n=0.24) related to release mechanism.  
 
Figure 3.10 : Solvent uptake behaviours of Film-A and C in 75% ethanol-25% 1M 
trifluoro acetic acid (CF3COOH) solution depending on time. 
As discussed above, as the pH increases, the pores become larger and the 
entrapped molecule can diffuse faster out of the matrix. Although the final quantity of 
Trp release does not increase with pH, the relative release rate (normalised to the 
maximum quantity released) does increases with increasing pH thus confirming that 
it is the pore size that controls the release rate of the encapsulated molecules [71]. 
 
Figure 3.11 : Diffusion graphs of Trp imprinted hybrid sol-gel films in 75% ethanol-
25% 1M trifluoro acetic acid (CF3COOH) solutions depending on 
time. 
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3.6 Trp Release in 75% Ethanol-25% 1M Trifluoro Acetic Acid (CF3COOH) 
Solution 
As seen from Fig. 3.12, the longer the incubation time it takes, the more the Trp is 
released. It could be seen that Trp released by hybrid sol-gel films was slightly high 
compared with the other solutions that were investigated. As compared with Trp 
released profiles of Film-A and Film-C in 75% ethanol and 25% 1M trifluoro acetic 
acid mixture at ambient temperature, it is seen that Film-A and Film-C’s drug 
delivery profiles reach maximum level at 5600 minutes of incubation time. However, 
both of the gels exhibit different release and solvent uptake (swelling rate) 
behaviours because of having sensitive to pH of solvent (Data are shown in table 
2.2).  
 
Figure 3.12 : Trp release of Film-A and C incubated with 75% ethanol + 25% 1M   
trifluoro acetic acid for (~) 4 days. 
Although the gels have same the initial weights, Film-A shows slightly faster Trp 
release rate than that of Film-C. Moreover, the drug release is generally known to be 
relatively fast in APTES based hybrid polysiloxane films without another functional 
precursor (MTMOS) and catalyzer (DBA). The liberation process of a drug from a 
solid carrier is essentially governed by both matrix dissolution and diffusion, which 
are strictly connected with the physicochemical properties of the matrix itself. In 
particular, both hydrophilic/hydrophobic character of the matrix and the nature of 
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interaction between the templated molecule and the surface of the carrier play a key 
role on drug release behaviour of sol-gels. In the case of the APTES based hybrid 
polysiloxane film matrix, Trp may interact with APTES functional groups by weak 
interactions (mainly by hydrogen bonding) and this could probably explain its fast 
release kinetic [72]. 
 
 
Figure 3.13 : Change in the concentration of Trp released by hybrid gels in different 
solutions. Solution-1: 75% ethanol + 25% water solutions, Solution-2: 
water, Solution-3: 75% ethanol + 25% 1M trifluoroacetic acid. 
When Trp released in different solutions for each type of sol-gel films are compared, 
it could be seen from Fig. 3.13 that high amount of released Trp was obtained in 
solution-3 (75% ethanol + 25% 1M trifluoroacetic acid) with pH 1.0 showing the 
weakening of interaction between Trp and functional groups at low pH values. On 
the other hand, Trp released amounts of both Film-B and Film-D are almost same 
that those of the Film-A and Film-C in solution-1 (75% ethanol + 25% water). This 
shows that interaction between Trp and functional monomer, APTES prevents 
releasing of Trp solution with a pH of 6.64.  
Because using two different precursors (like as, APTES and MTMOS) in Film-B and 
Film-D cause to alter the morphology, surface characteristics and properties of 
hybrid sol-gels. Thus, it is expected that the addition of methyltrimethoxysilane 
(MTMOS) involves the decrease of surface silanol groups, which result in more 
hydrophobic surface. It can be seen that small amount of Trp is released by Film-A 
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compared to that of Film-C (Fig. 3.13, solution-1). At the same way, Trp released 
amount of Film-D is lower than that of Film-B. 
The modification with APTES changes dramatically the physicochemical properties 
of the silica matrix affecting, in particular, both reactivity and stability of the obtained 
materials in an aqueous medium. This aspect is very important for a drug-delivery 
system in which the matrix degradation can affect to a high degree the sustained 
release. Moreover, the aminopropyl groups can increase the strength of interaction 
between the functional groups and the drug molecule if opportunely selected. As 
seen from Fig. 3.13, Trp release behaviours of Film-A and Film-C in neutral 
solutions (water) exhibit very low liberation. Adjusting these parameters allows the 
change of the profiles of molecule release. However, the release of Trp is usually 
diffusion-controlled and quite fast. Organic groups linked to the oxide network by 
stable chemical bonds give structural flexibility by reducing the degree of cross-
linking and providing modified chemical reactivity, resulting in a decreased drug 
dissolution rate [73]. On the other hand, Trp released amounts of both Film-A and 
Film-C in solution-3 are almost same. This shows that at low pH values, interaction 
between Trp and APTES has been diminished.  
 
Figure 3.14 : An enlargement of the Fig. 3.13 for the case of Trp released in water 
depending on time. 
Release of Trp from Film-A and Film-C was investigated in water depending on time 
and calculated by using calibration curve (Appendix A.3) (Fig. 3.14). Since swelling 
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degrees of gels were low in water, the concentration of Trp of which diffuses into 
solution from gels was also low although solubility of Trp was high in water. When 
Trp release from gels compared, Film-C exhibits higher release of Trp than that of 
Film-A, showing the trapping of Trp in sol-gel matrix. 
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4. CONCLUSIONS  
In this study, four hybrid sol-gel films which were indicated as Film-A, Film-B, Film-
C, and Film-D and containing one of the amino acids: L-tryptophan (Trp) as a model 
molecule were synthesized with and without TMOS, APTES and MTMOS by using 
trimethoxysilane terminated poly(propylene glycol) (ICPTS-PPG) to elucidate the 
release behaviour of stimuli responsive gels upon solvent combination. Moreover, 
the formation of hybrid sol-gel network was followed by monitoring the fluorescence 
emission spectra of Trp and found to be completed within 40 minutes. Meanwhile, 
the swelling experiments in ethanol-water mixture with different compositions were 
performed. The degree of swelling in feed composition containing 25% water was 
found to be very low, but the value increased steadily with increasing concentration 
of ethanol. It was found that hybrid sol-gel has the highest swelling degree in 75% 
ethanol-25% water mixture. Therefore, solvent uptake experiments were carried out 
in ethanol-water (75:25, v/v) mixture and revealed that hybrid sol-gel Film-D having 
MTMOS without TMOS and APTES, exhibited highest absorption of solvent 
compared with the other hybrid sol-gel films. According to data obtained for solvent 
uptake behaviours of hybrid sol-gel films, diffusional exponents and rate constants 
of each films in swelling kinetic were calculated by using equilibrium plots. The 
results showed that the magnitude of diffusional exponents were in the order of 
Film-B<Film-A<Film-C<Film-D and order of rate constants were inverse of 
diffusional exponents. This indicates the pseudo-Fickian diffusion with different 
swelling rates [74]. 
Afterwards, Emission spectra of Trp in ethanol-water mixture (75:25,v/v) for each 
hybrid sol-gel films were obtained to determine the concentration of Trp released by 
each of the gels. The results revealed that fractional release of Trp at initial of time 
interval was in the order of Film-B<Film-A<Film-D<Film-C. It was observed that 
Film-C showed the highest amount of Trp release at swelling equilibrium, followed 
by Film-B, Film-D and Film-A. Fluorescence spectra of Trp on which both from the 
surface of dried films and after films immersed in 75% ethanol-25% water mixture 
for a week were obtained to analyze the complete removal of Trp from hybrid sol-gel 
films. Emission spectra of Trp showed that removal of Trp from the sol-gel matrix 
was not completed. These results showed that some amount of Trp was trapped in 
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sol-gel matrix indicating insufficient swelling ratio of hybrid sol-gel films. After the 
swelling procedure in ethanol-water mixture (3:1, v/v) was completed for each hybrid 
sol-gel films, deswelling behaviours of hybrid sol-gels in distilled water were 
investigated and results showed that the smaller swelling ratio the greater rate of 
deswelling, and it was found that Film-C and Film-A hybrid sol-gel films exhibited 
higher Trp release in water solution when compared with other films. 
Solvent uptake experiment for hybrid sol-gel films in 75% ethanol-25% 1M trifluoro 
acetic acid solution mixture with pH of 1.0 revealed that Film-C absorbed much 
more solvent compared to that of Film-A. This indicates that intramolecular 
interactions within sol-gel Film-A containing APTES which is able to make hydrogen 
bonding. But when Trp release of each film compared at low pH values, different 
behaviour was observed. It means that Film-A exhibited slightly faster Trp release 
rate than that of Film-C. This shows weak interactions occur between Trp and 
APTES at low pH values. On the other hand, experimental results related to Trp 
release in water at neutral pH value revealed that both Film-A and Film-C exhibit low 
Trp diffusion because of low swelling degree of gels in water compared to that of 
obtained at both lower and higher pH values. But Film-C exhibits higher release of 
Trp than that of Film-A in water solution. This shows that Trp is much more trapped 
in Film-A compared to Film-C. 
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APPENDICES 
APPENDIX A.1: Trp Calibration Curves in Different Solvent Mixtures 
 
Figure A.1 : Fluorescence spectra of 10-3M Trp in 75% ethanol-25% water                                                                                                                      
depending on concentrations. λex=290 nm. Inset: emission intensity 
at 352 nm depending on time. 
The equation of linear calibration (standard) curve was obtained by using the first 
five data, So the equation is as follows, F(352nm)=0.88+6.37x105[Trp]. 
 
Figure A.2 : Fluorescence spectra of Trp in water λex=290 nm. Inset: emission 
intensity at 356 nm depending on time.  
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The equation of linear calibration (standard) curve was obtained by using the first 
five data, So the equation is as follows, F(356nm)=1.35+5.30x105[Trp]. 
 
Figure A.3 : Fluorescence spectra of 10-3M Trp (75% ethanol-25% 1M CF3COOH)  
in 75% ethanol-25% 1M CF3COOH depending on concentrations.  
λex=290 nm. Inset:  emission intensity at 347nm depending on time. 
The equation of linear calibration (standard) curve was obtained by using the first 
five data, So the equation is as follows, F(347nm) =0.27+2.09x105[Trp]. 
APPENDIX A.2: Photos of Hybrid Sol-Gels 
 
Figure A.4 :  Photos of hybrid sol-gels; A) after synthesized, B) After deswelled in 
water, C) Trp-imp gel swollen in ethanol, D) non-imp sol-gel swollen in 
ethanol.  
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Figure A.5 :  Photos of hybrid sol-gels; 0) Dried Trp-imp gel after synthesized, 1)               
After swollen in 75% ethanol-25% water mixture at pH of 6.64 2) 
swollen in 75% ethanol-25% 0.1M acetic acid mixture at pH of 4.61 3) 
sol-gel swollen in 75% ethanol-25% 0.1M sodium bicarbonate mixture 
at pH of 10.75. 
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